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Abstract
Quantum dots show great potential for use as spectral converters in solar cells, lighting
applications and biological imaging. These applications require precise control of
quantum dot size to maximize performance. The fluorescence profile of quantum dots in
solution correlates directly with particle size. An alternative, high precision process was
developed for the synthesis of cadmium-selenide quantum dots using a microfluidic
reactor and fluorescence flow through cell. The process required creating separate
cadmium and selenium precursors that were then mixed in a nitrogen environment at 17±
1°C. Using an NE-300® syringe pump, the solution was pumped through a microfluidic
reactor submerged in a 235°C oil bath. Then, the tubing fed into a water quench bath at
25°C to terminate the reaction. The fluorescence profiles of the quantum dot solutions
were then characterized with an in-line fluorescence flow cell used in conjunction with an
Ocean Optics USB4000® spectrometer and a ThorLabs® LED UV light source. Flow
rates through the reactor were varied from 0.1 mL/min to 1.6 mL/min at increments of
0.1 mL/min. Separation of subsequent samples was achieved by introducing a bubble of
nitrogen gas between each flow rate. A central peak wavelength was registered in the
fluorescence profiles of each flow rate. Peak wavelengths ranged from 490nm up to
585nm and a relationship between flow rate and center wavelength was determined.
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1.

Introduction
1.1.

Problem Statement

Colloidal semiconductor nanocrystals (NCs), also termed ‘‘quantum dots’’ (QDs), are
composed of a Cadmium-Selenide (Cd-Se) core, composed of a few hundred to a few
thousand atoms.1 Due to the phenomenon of quantum confinement, the size of the
quantum dots influences their photoluminescence and band gap shift.2 The current
process of fabricating quantum dots in the California Polytechnic State University (Cal
Poly) Nanotechnology Lab is conducted on the bulk scale (10-15 mL).3 However, this
method does not provide significant control over the variables that influence nucleation
and growth, such as temperature and time. Consequently, a new method of synthesis was
developed to yield quantum dots of well-defined sizes and fluorescence profiles. A
microfluidic reactor allows precise control over factors that influence nucleation and
growth due to the small volumes of reaction precursors involved. Constant flow allows
for real time monitoring of the formation of nanoparticles and tuning of reaction
parameters. The goal of this project was to develop and characterize a microfluidic
reactor capable of producing quantum dots with a tight size distribution under carefully
controlled conditions.

1.2.

Quantum Dots

Quantum dots are semiconductor nanocrystals typically 2-10 nm in diameter. Because of
their small size, quantum dots are considered unique in their ability to behave like a bulk
material while preserving characteristics of individual atoms.4 Due to this unique
phenomena, quantum dots show great potential for use as spectral converters in solar
cells, lighting applications and biological imaging.1 Quantum dots allow for precise
tuning of characteristics simply by altering their size. The relative sizes of quantum dots
can be determined from their corresponding optical properties (Figure 1).
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Figure 1: As quantum dots increase in size from left to right, the spectral
emissions shift from the blue to red in the visible spectrum.

To further understand the characteristics of quantum dots one must examine their atomic
structure and the principal of quantum confinement.
1.2.1. Atomic Structure
All atoms are effectively composed of positively charged nuclei surrounded by
negatively charged “clouds” of electrons. These electron clouds are often thought of as
shells surrounding the nucleus. Electron clouds are made up of discrete energy levels; the
shells of electrons closer to the nucleus exist in a lower energy state than those farther
away from the nucleus. When atoms are combined to form a molecule, the electron
clouds combine to create molecular orbitals (MOs), which still contain discrete energy
levels.5 When this model is extended to molecules made up of at least several atoms, the
number of available MOs also increases. This phenomenon continues as more atoms are
added until the energy level between MOs is virtually undistinguishable, forming a
continuous band of energy (Figure 2). The orbitals ultimately form a conduction band and
a valence band. The energy between these two bands is called the band gap energy.6

2

Figure 2: Evolution of atomic orbitals into molecular orbitals, eventually forming energy
bands. The point at which discrete energy levels become bands is the point at which quantum
dots no longer possess quantum behavior.

In bulk materials, the only way an electron can move from the valence band into the
conduction band is to acquire as much, or more energy than the band gap energy. To
jump the gap, an outside energy source is required. Heat, light or an applied voltage can
provide the energy needed for an electron to jump the band gap. When an electron jumps
to the conduction band, it leaves an electron “hole”. The excited electron and its
corresponding hole make up an exciton pair, where the physical distance between them is
known as the Exciton Bohr Radius (Figure 3).7 In bulk materials, the Bohr radius is
much smaller than the material itself, allowing the electron – hole pair to freely move
across the atomic lattice. However, since quantum dots are only 2-10 nm in size, smaller
than the exciton Bohr radius, the electron – hole pairs are confined which impacts their
band gap energy.

3

Figure 3: The Bohr radius is the distance between an
electron-hole pair. The particle depicted is smaller than the
Exciton Bohr radius and experiences a phenomenon known
as quantum confinement.

Because quantum dots are so small, the exciton pairs are limited to the size of the
material and are unable to move the full natural radius. The surface of the quantum dots
prevents electrons from reaching their full potential radius, resulting in a principle known
as quantum confinement.
1.2.2. Quantum Confinement
The principle of quantum confinement arises as a result of changes in the density of
available energy states.8 In bulk materials, the number of energy levels is virtually
infinite, causing bands of energy. When dimensions are reduced to that of the Bohr
radius, certain energy states become unavailable. When the entire material is smaller than
the Bohr radius, as with quantum dots, only discrete energy levels remain. Due to
quantum confinement, quantum dots can be engineered to create a desired pattern of
energy levels.8 As atoms are added to a quantum dot, the number of discrete energy
levels increases, causing a decrease in the band gap energy. The band gap energy can be
effectively tuned by controlling the size of quantum dots. The band gap of quantum dots
can be tuned to the range of energies of visible light resulting in fluorescence.
1.2.3. Fluorescence
Fluorescence is a phenomenon that makes quantum dots particularly desirable. Once an
electron is excited by ultra-violet radiation, it jumps the band gap into the conduction
band. The electron then relaxes from the conduction band releasing stored energy as a
photon. The energy of this photon is equal to the band gap energy. Because the band gap
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energies of quantum dots can be engineered by increasing or decreasing particle size, the
emitted photons can be tuned to produce a desired color (Figure 4).

Figure 4: Correlation of increasing particle size to different band gap energies and different
emitted photons.

Fluorescence profiles provide rich information regarding biomolecules and their
dynamics. They have been used to monitor polymerization processes, detect bases on
DNA, measure diffusion coefficients, investigate binding sites of antibodies, and probe
the internal polarity of proteins.9 This fluorescence pattern allows scientists to effectively
determine the size of the quantum dot.

1.3.

Microfluidics

A microfluidic device allows for the manipulation of small volumes of fluids within an
enclosure with dimensions typically less than several hundred microns.10 As the name
implies, a microfluidic reactor mediates the reaction of small volumes of precursor liquid
solutions. Microfluidic reactors are designed for continuous or segmented flows and
offer many advantages over conventional bulk scale reactions. Typical advantages
include improvements in heat transfer (Figure 5), energy efficiency, reaction speed, yield,
safety, reliability, scalability, on-site/on-demand production, and real time data
acquisition.3 ,11

5

Figure 5: Small volumes of precursor solutions allow for better heat transfer due to a high
surface area to volume ratio.11

Device manufacturers use materials such as poly-dimethyl siloxane (PDMS), SU-8, glass,
and silicon in microfluidic fabrication. Our senior project focuses on the design and
characterization of a PTFE (Teflon®) microfluidic reactor.
1.3.1. Laminar Flow
Laminar flow occurs when two liquids flow alongside one another in parallel layers
without mixing or turbulence. The Reynolds number is a way to characterize the
tendency of a flowing liquid phase to develop turbulence. Laminar flow occurs when the
Reynolds number is less than 2000.12 The Reynolds number depends on the velocity of
liquid flow within the channel, the diameter of the channel, and the viscosity of the liquid
phase (Equation 1).
Equation 1: Reynolds number calculation. V=velocity, D=hydraulic diameter, p=density, µ=dynamic viscosity

Re =

ρVD
µd

€
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The calculated Reynolds number for our microfluidic reactor ranges from 0.39 at a 0.08
mL/min flow rate to 9.89 at a 2 mL/min flow rate. Therefore it was assumed that a high
degree of laminar flow occurs within our microfluidic system.
1.3.2. Fluid Resistance and Pressure
Fluid resistance causes pressure buildup within a microfluidic device. It results from a
shear force between the liquid within a channel and the channel walls. The pressure
buildup is equivalent to the difference in pressure across the device, from the pump to the
outlet at atmospheric pressure. The pressure drop across a microfluidic device can be
characterized by the Hagen-Poiseuille equation (Equation 2).
Equation 2: Hagen-Poiseuille equation: ∆P= pressure drop, µd= liquid viscosity, L= channel length, r= channel
radius, v= velocity of flow

ΔP =

8µ d Lv
= Qvolumetric flow rate • Rfluid resistance
r2

The Hagen-Poiseuille equation relates the pressure drop across the two ends of a
microfluidic channel to the length and radius of the channel, liquid viscosity, and flow
€
rate. Essentially this equation combines the volumetric flow rate and the fluid resistance
to determine pressure within the device. Fluid resistance is caused by a shear force
between the liquid and the walls of the channel, which leads to a pressure difference
across the device. Pressure builds more quickly in devices with small channel diameters,
high viscosities, large channel lengths, and high flow rates. Our project was constrained
by the SMA flow cell backpressure rating of 100 psi. Tubing with a diameter of 794µm
was used to minimize pressure needed to push the precursor solution through the reactor.
1.3.3. Volumetric Flow
Volumetric flow describes the volume of fluid flowing through a channel per unit time
(Equation 3). In this project the volumetric flow rate is a function of the syringe pump.
The syringe pump can be adjusted to the desired flow rate, as long as the system does not
experience failure due to backpressure.
Equation 3: volumetric flow rate

m3
Q ( ) = Vflow velocity (m/s) * AArea (m2 )
s

€
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The syringe pump, which calculates the volumetric flow rate internally, was calibrated by
inputting 27.94 mm, the measured inner diameter of the 50cc syringe used in testing.
1.3.4. Residence time
The amount of time that the mixed precursor solution remained at reaction temperature is
known as the residence time. In our microfluidic reactor, residence time is calculated as
the distance from the heated portion of the tubing to the water quench bath multiplied by
the velocity of the reagent through the tubing. Unlike bulk synthesis methods for
nanoparticle production, a microfluidic reactor can precisely control the temperature as
well as rapidly heat and cool the reagents, allowing for control of residence time down to
sub-millisecond time frames.10

1.4.

Flow Cell Technology

Flow cell technology has been on the rise in the last few decades and is used in an evergrowing range of applications. High-pressure flow cells are often used for in-line analysis
of high velocity liquid or gas streams in demanding industrial environments.13 These
cells provide extremely short path lengths for controlled analysis without restricting
sample flow. Flow cells allowing high sample throughput are used for environmental
assays of water in nearby lakes and streams. With a typical sampling rate of two
injections per minute, these flow cells allow for characterization of several hundred
samples a day.14 Long path flow cells can also be utilized for trace element assays, with
sensitivities up to the parts-per-trillion. The biotech industry utilizes flow cells for assays
of biomolecules, bacteria, and living cells. Health industries conduct assays of active
components in drug compounds using spectrophotometry in conjunction with a flow
cell.14 The wide range of applications exemplifies the versatility of flow cell technology.
All flow cell operations are derived from a principle known as flow injection analysis.
1.4.1. Flow Injection Analysis
The concept of Flow Injection Analysis (FIA) was first introduced in the mid-seventies.15
Since then, the technology has grown from a tool for automation of serial assays to a
method for enhancing the performance of spectroscopic and electrochemical
instruments.16 FIA consists of injecting a sample into a carrier solution that is
continuously moving at a constant flow rate. The analyzed species is then taken through
8

the reactor and enters the detector for analysis. The analytical readout is then collected
for real time data analysis (Figure 6).

Figure 6: Diagram showing the complete process of a sample analysis using FIA.

The fast and intensive development of the FIA methodology was due to several factors
essential for routine analytical determinations. Factors include limited sample
consumption, short analysis time based on a transient signal measurement, on-line data
acquisition of difficult operations of separation, and pre-concentration or
physicochemical conversion of analytes into detectable species.15 For our project,
sequential injection analysis (SIA) was used. Sequential injection analysis is identical to
FIA, but SIA uses segmented flow, allowing subsequent samples to be analyzed with
different flow rates through the use of a syringe pump.

1.5.

Broader Impacts

1.5.1. Sustainability
Quantum dots are known to increase the efficiency of photovoltaic solar cells. Current
research is being done on adding quantum dots to polymer solar cells at cal poly. In
traditional silicon solar cells, only one electron can be excited from each photon,
regardless of the photon’s energy. For wavelengths of light that have energy above
1.1ev, the energy difference after the excitation of the electron is lost as heat. Quantum

9

dots have the unique property of producing more than one electron from each photon
otherwise known as multiple exciton generation.17 Additionally, quantum dots can be
tuned to many different band gap energies by varying their sizes. This allows for
producing multi-junction solar cells that can make use of a greater amount of solar
energy.18 Theoretically, an efficiency increase up to 42% is possible from a quantum dot
based solar cell.19
1.5.2. Environmental Impact
As nanotechnology and continues to develop, possible health and environmental effects
are coming to light. An important factor in determining environmental impact of a
nanostructure is the product life cycle. For quantum dots, the life cycle is dependent on
the life cycles of the chemicals used in quantum dot synthesis. Because the chemicals
involved with quantum dots are environmentally harmful and carcinogenic, careful
consideration must go into limiting waste of these chemicals. Researchers today are
focusing on the effects of disposing products that contain nanoparticles such as quantum
dots. Key concerns are related to how the nanocrystals move through soil and how they
accumulate within plants and animals.20 As quantum dots continue to be produced in
mass quantities, the effects of disposing the heavy-metal chemicals are an increasing
concern. Our project aims to design a microfluidic reactor to produce quantum dots under
tightly controlled conditions. Precise control over flow rate and reaction temperatures
will limit waste over repeated experiments.
1.5.3. Manufacturability
The current process of synthesizing quantum dots in the Cal Poly Nanotechnology Lab is
conducted through a multitude of steps, each requiring precise control over variables such
as temperature and time. While other methods require less attention to detail, they are
often much more expensive and conducted at an industry level. The focus of this project
was to reduce the amount of variability between samples produced through the
conventional bulk synthesis method at Cal Poly. We hoped to produce quantum dots of a
precise size, increase the fluorescent intensity, and decrease the particle size distributions.

10

1.5.1. Safety
Quantum dots are made from heavy metals and toxic chemicals, such as cadmium and
selenium, which pose risks to the health of the people handling them. Researchers are
currently focused on the effects of biomedical applications involving quantum dots, such
as in vivo imaging. Scientists have found that quantum dots break down and release their
toxins under mildly acidic environments.21 A relevant concern is that quantum dots could
break down from acids in the body, releasing harmful chemicals into the bloodstream.
Because nanotechnology is still an emerging technology, there is continuous research on
possible safety hazards and long-term effects from quantum dot production. To minimize
safety risks in our synthesis procedure nitrile gloves, chemical aprons, splash proof safety
glasses, and fume hoods were utilized.

2.

Process Design and Materials Selection

A manufacturing process was needed to produce quantum dots with controlled
fluorescence at Cal Poly. To achieve a controlled synthesis process real time data
analysis was necessary. A microfluidic device was determined to be the most viable
synthesis option because a microfluidic reactor allows for simultaneous characterization
and synthesis.

2.1.

Microfluidic Device

Initially the microfluidic reactors construction relied on SU-8 an epoxy based negative
photoresist with outstanding chemical compatibility and a high working temperature. A
working T-mixer chip was constructed to test the chemical compatibility at synthesis
temperatures. Once the chip was raised to 235˚C and the reactant solution was fed into
the chip. The cool reactant solution caused the SU-8 to delaminate from the chip. The
cause of this delamination is thought to be differences in thermal expansion between SU8, glass, and silicon (Table I).
Table I: Comparison of the thermal expansion coefficients for glass, silicon, and SU-8 22

Thermal Expansion Coeff (Strain/˚C)
SU-8
Glass
Silicon

58E-6 - 90E-6
3.2E-6 - 4E-6
2E-6 - 3.2E-6
11

Three viable fabrication options were determined following materials selection. Because
of the high required working temperature and need for chemical compatibility with
octadecene few materials were suited to our purpose. We could anodically bond a
patterned silicon wafer to a Pyrex® wafer using equipment unavailable at Cal Poly, or
purchase PTFE tubing with a small inner diameter. Prefabricated borosilicate glass
capillary tubing would have been another viable option, however, it is not flexible
enough to accommodate the length of tubing required in our oil bath. We decided to
purchase PTFE tubing, minimizing costs and fabrication time. PTFE has a working
temperature of 260˚C, it is resistant to octadecene, a hazardous alkene solution, and it is
flexible, making it ideal for our application.23 We chose 1/32” inner-diameter PTFE
tubing to match the ferrule connectors used in the Ocean Optics® fluorescence flow cell.

2.2.

FlowCell

Initially, the flow cell was intended for characterizing various fluorescent solutions, such
as fluorescein, using the concept of flow injection analysis with a syringe pump. The goal
was to accurately characterize dynamic flows at the micro-scale and compare the results
to conventional cuvette analysis. After determining the capabilities of the flow cell, we
found that it could be implemented into a quantum dot synthesis process. This would
allow for simultaneous synthesis and characterization. Another motivation for combining
these concepts was that we found no literature on a fluorescence flow cell operating in
conjunction with a cadmium-selenide quantum dot synthesis process. To capture the
fluorescence profiles at various flow rates using real-time data acquisition, a flow cell
was essential. In order to cause fluorescence, a ThorLabs ultraviolet light source was
used to excite the electrons in the quantum dot solution. The flow cell chosen for this
particular experiment was an Ocean Optics® Sub-Multi Assembly (SMA) fluorescence
flow cell with a 6mm path length and 30 µL internal volume (Figure 7). This particular
flow cell is widely accepted for its versatility and ease of use. Fiber optic cables were
connected from the light source to the flow cell, and from the flow cell to an Ocean
Optics® USB4000 Spectrometer for data acquisition.

12

Figure 7: The SMA flow cell uses fiber optic cables to analyze
incoming flows at a 90˚ angle.

To prevent hazardous chemical reactions, PTFE nuts and ferrules were chosen to secure
connections with the microfluidic tubing and the flow cell. An Ultem® housing was used
for the flow cell because of its compatibility with alkenes similar to octadecene.24

2.3.

Design Integration and Optimization

Our design iterations attempted to simulate the conventional process variables for
creating quantum dots at Cal Poly to produce the appropriate nucleation and growth
reactions. Initially, a piece of PTFE tubing six inches in length was submerged in an oil
bath at 235˚C. However, after testing we determined that a length of six inches of tubing
was ineffective in obtaining the required residence times for synthesis of a broad
spectrum of quantum dots. The final design incorporated a coil of PTFE tubing 30 inches
in length submerged in a hot oil bath at 235˚C, followed by 9 inches of tubing submerged
in a water quench at 25˚C. The quantum dot solution then entered the flow cell for
characterization before being collected into various sampling vials (Figure 8).

13

Figure 8: A block diagram of the experimental test setup. Note the pathways of light and reagent solution.

The two key variables in this synthesis method were temperature and flow rate. Because
the flow rate is known and accurate, maintaining the temperature was a key concern. In
order to maintain consistency of these temperatures, a Cimarec ® hot plate was used in
conjunction with an Extec® thermocouple to keep the oil bath at 235˚C. The water
quench apparatus was filled with room temperature DI water at 25˚C. In future
experiments, we hope to acquire a hot plate with a feedback mechanism between
temperature and heat output to more accurately measure and stabilize the oil temperature.
2.3.1. Laboratory Test Setup Used For Characterization
In order to accurately pump the quantum dot solution with a known volumetric flow, a
New Era® model NE-300 syringe pump was used. Subsequent samples of various flow
rates were attainable with the push of a button. A nitrogen line was connected to the
three-way valve attached to the syringe. The nitrogen lines pressure was set to 4 psi in
order to purge the reactor system between samples without causing excess backpressure.
The PTFE tubing was then submerged in a silicon-based oil bath at 235˚C, followed by a
quench of DI water at 25˚C. The solution then entered the SMA fluorescence flow cell
for characterization. In order to properly characterize the fluorescence profiles of
14

quantum dots, a Thor Labs® LED light source was used to emit light at 390 nm. These
photons were carried through 200µm diameter SMA fiber optic cables attached to the
flow cell and then to an Ocean Optics® USB4000 spectrometer for data collection (Figure
9).

Figure 9: Photo of the test setup for synthesizing quantum dots

The quantum dot solution was then collected in various glass vials for analysis. The
entire process allows for a relatively quick synthesis and characterization, while being
confined in a small area within the fume hood. Proper clean room safety equipment was
used whenever dealing with the experimental test fixtures; protection included gloves,
booties, caps, safety glasses, and lab coats.

3.

Experimental procedure

In preparing our synthesis for quantum dots, separate cadmium and selenium precursor
solutions were synthesized in octadecene following standard procedures outlined in the
Cal Poly SOP.25

15

3.1.

Microfluidic Synthesis Procedure

Prior to beginning synthesis, all equipment was organized and proper safety precautions
were followed. First, a water bath was prepared for mixing the two precursor solutions. A
1000 mL beaker was filled half full with cool tap water and a stir bar was added. We
placed the beaker on a cool hotplate and enabled the stir feature. Ice cubes were added to
chill the water to 17˚C. A glass thermometer was used to control the temperature and
prevent freezing of octadecene. The individual cadmium and selenium precursor
solutions were then chilled at 17˚C for 10 minutes. The selenium precursor solution, once
thoroughly cooled, was extracted using the syringe process outlined in the Cal Poly SOP
25

and combined with the cadmium precursor. The reagent mixture was then returned to

the chilled water bath and allowed to mix at 17˚C for 5 minutes. A 50cc syringe was
cleaned thoroughly with acetone and dried with the nitrogen gun in the clean room. It
was then placed in the clean room fridge until the precursor solutions were fully mixed.
Then the pressure of the nitrogen system in the clean room was lowered to 4 psi to
prevent pressure blowout. The 50cc syringe was lubricated with ODE to prevent both
locking during synthesis and air contamination during extraction. Once mixed 55 mL of
the reagent mixture was extracted from the 100 mL three-neck round bottom flask and
transferred into the 50cc syringe using the syringing process described in the cal poly QD
SOP25. The syringe needle was immediately removed and the syringe was attached to
the three-way valve by twisting. Oxygen contamination was minimized by expelling 5
mL of the reagent solution while making the connection to the valve. The syringe was
then loaded into the syringe pump and the diameter setting on the syringe pump was set
to 27.94 mm to assure proper flow rates. Flow rates were chosen initially by calculating
desired residence times using the bulk synthesis process as a reference, then extrapolating
to the microfluidic process. Sixteen testable flow rates were selected for characterization
(Table II).
Table II: Selected flow rates to be analyzed in all subsequent trials

Flow Rate

0.08

0.1

0.2

0.3

0.4

0.5

0.6

0.7

(mL/min)

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5
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The syringe containing the reagent mixture was kept at 17˚C for the duration of the
synthesis by periodically dipping a cloth into an ice bath and then wrapping it around the
syringe to minimize QD formation at room temperature. The reactor coil was then
lowered into the hot oil bath pre-heated to 235˚C and the entire system was purged with
nitrogen for one minute. Using the three-way valve the nitrogen line was switched off
and the syringe pump pathway was switched open. After the fluorescence spectrum came
to equilibrium data was taken. The system was purged of reactive solution using nitrogen
gas between each flow rate trial and samples were collected in separate vials.

3.2.

Data Acquisition Procedure

In order to accurately measure the fluorescence profiles of quantum dots, a ThorLabs®
LED UV light source was connected by a fiber optic cable to the flow cell. Light at 390
nm was emitted and carried by fiber optic cable into the quantum dot solution within the
flow cell. A second fiber optic cable connected to the flow cell collects the fluorescence
spectrum of the quantum dots and sends it into an Ocean Optics® USB4000
Spectrometer. This spectrometer uses a program called SpectraSuite® software that
analyzes each fluorescence profile.
3.2.1. SpectaSuite® Software
SpectraSuite® is a modular, Java-based spectroscopy software platform that operates on
32- and 64-bit Windows, Macintosh and Linux operating systems.26 The software can
control any Ocean Optics USB spectrometer and device. Because our experiment relied
on fluorescence in the visible spectrum, the analysis technique was set to the “Scope”
setting. In order to calibrate the Spectrometer, a dark spectrum was acquired by turning
the light source off. A light spectrum was also captured to determine spectrum of the UV
light source. Parameters affecting data acquisition include integration time, scans to
average, and boxcar width are listed in (Figure 10). “Integration time” accounts for how
long the spectrometer will capture the incoming photons. This variable is synonymous to
a camera shutter. “Scans to average” allows multiple scans to be averaged over time.
“Boxcar width” takes the spectral data and averages nearby data points to reduce the
background noise of the spectrometer.
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Figure 10: Acquisition controls depicting integration time, boxcar width, and scans to average (center). Dark
and light spectrums (right) are used to calibrate the spectrometer.

For our experiment, the integration time was set to 500 milliseconds to allow enough
photon counts to register a distinct peak wavelength. Because our process used
segmented continuous flows, there is not much variance between samples, so the “scans
to average” was only set to 2. Due to a presence of noise within the spectrometer, the
boxcar width was set to 5 to minimize the effects. SpectraSuite® allows for continuous
data capturing as well as manual modes of capturing by clicking the mouse. For our
project, a manual mode was employed to capture each spectral profile by clicking the
mouse for each trial. A total of 15 fluorescence profiles were collected for each flow rate
and then transferred into Excel spreadsheets for data analysis and repeatability results.

3.3.

Design Constraints

Due to the nature of the experimental test setup in our synthesis method, it was
determined that we were limited to synthesizing quantum dots from 490 nm to 590 nm.
Researchers have found that the growth reaction of Cd-Se quantum dots comes to
equilibrium when the dots are about 4.1 nm in size, which is comparable to a
fluorescence profile of 590 nm. To get quantum dot sizes up to 5.5 nm, more precursor
solution must be added to the original quantum dots. The original quantum dots can be
essentially “re-grown” with the excess precursor solution when reacted at a lower
synthesis temperature.29 Because the maximum safe working temperature of PTFE is
260˚C, our project was limited to synthesis of quantum dots below 250˚C. Using a higher
synthesis temperature in a microfluidic system would allow for more precise control of
nucleation and growth effects within the system. Theoretically allowing for higher
precision quantum dot synthesis.
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4.

Results
4.1.

Data Manipulation

Raw data obtained from SpectraSuite was analyzed using Microsoft Excel and Minitab.
Due to noise in the raw data, manipulation was required.
4.1.1. Moving-Median Smoothing and Gauss-Newton Regression
Fifteen fluorescence profiles were taken for each flow rate. The samples were then
averaged to obtain a raw mean spectral profile shown in blue (Figure 11). This raw data
was smoothed utilizing a moving-median smoothing macro in Minitab. The purple line
represents the results of the smoothing. A Gauss-Newton regression was then applied
using the Bragg equation in Minitab to generate lines of best fit (in red) and determine the
center wavelength of the peaks.

Figure 11: Example of data manipulation applied to all flow rates to obtain best-fit curves for spectral peaks and
relative center wavelength.

Gauss-Newton regressions were performed on all flow rates for the collective trials. The
resulting curves were then compared between subsequent trials. Six flow rates were
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selected to show the shift in center wavelength due to flow rate and the relative intensities
of the peaks (Figure 12).

Figure 12: Average of three trials Gauss Newton regressions at six selected flow rates. Note the left shift of the
peaks with increasing flow rate.

The center wavelength shifts left as the flow rate increases. Additionally, the fluorescent
intensity decreases as the wavelength increases and the quantum dots grow. Defects in
the Cd-Se core as well as on the surface act as energy sinks, lowering the intensity of
light emitted from quantum dots during fluorescence.27 This could describe the lower
intensities of higher wavelength quantum dots as they are larger and have more surface
area for defects to form.

4.2.

Relating Flow Rate to Peak Center Wavelength

The center wavelengths from the collective trials were arranged by flow rate and
averaged to obtain the mean center wavelength for each flow rate. Then the standard
deviation for each flow rate was calculated and applied to the error bars in (Figure 13).
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Figure 13: A power function regression was used to derive an equation relating flow rate to center wavelength.
The error bars represent the standard deviation between all collective trials at the specified flow rates.

A line of best fit was calculated to find a relationship between flow rate and center
wavelength. This equation will allow for precise control of wavelength and size of
quantum dots utilizing flow rate as the primary variable (Equation 4).
Equation 4: Power function relationship between flow rate and center wavelength

Q volumetric
flow rate
(mL/min)

⎛
⎞ -0.058
= 512.03⎜ λcenter
⎟
⎝ Wavelength ⎠

The center wavelength of the peaks followed a power function with an R2 value of 0.98.
4.2.1.
€ Analysis of Particle Diameter
An empirical equation developed at the University of Arkansas was used to calculate the
average particle diameter from the center wavelength for each flow rate. 28
Equation 5: Empirical equation relating center wavelength to particle diameter

D = (1.6122E -9 ) "4 - (2.6575E -6 ) "3 + (1.6242E -3 ) "2 - (4.277E -1 ) " + (41.57)
" = Center wavelength of peaks (nm)
D = Avg particle diameter (nm)
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The average particle diameter for each tested flow rate ranged from 2.2 nm to 4.1 nm
(Figure 14).

Figure 14: Average particle diameter for each tested flow rate.

Particle diameter increased as flow rate decreased because particles had more time at the
reaction temperature to grow through Ostwald ripening. Increasing the length of tubing
submerged in the oil bath from 30” should increase the residence time, allowing for
production of larger particles at the same flow rates.

4.3.

Repeatability

The standard deviation between all experimental trials was calculated for the assessed
flow rates (Table III). The average standard deviation was 3.4 nm. Because the standard
deviations are mostly within 5nm, this synthesis process exhibits a high degree of
accuracy for producing desired central wavelengths.
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Table III: Calculated standard deviation of center wavelength at tested flow rates.

Flow Rate
(mL/min)
0.08
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
Average StDev
(nm)

Standard Deviation of Center
Wavelength (nm)
2.61
7.39
6.95
1.74
2.47
5.13
2.56
4.68
5.33
2.23
1.60
4.88
3.11
0.94
1.61
1.57
3.4

The spectrometer is accurate to 1 nm, so most of the deviations are likely due to human
error and difficulties keeping the oil bath at 235˚C.

5.

Discussion

This alternative microfluidic process was found to successfully demonstrate a correlation
of flow rate to fluorescence profile of quantum dots during synthesis. Our studies show
the central wavelength and effective quantum dot size can be controlled within a 5nm
resolution by varying flow rate.

5.1.

Repeatability

The large standard deviations at the 0.1, 0.2 and 0.8 mL/min flow rates were most likely
caused by fluctuations in synthesis temperature (Table III). In an experimental trial at
250˚C a shift of approximately 8 nm for all flow rates was noted. Assuming a linear
relationship this infers nominal shift of center wavelength of 0.53 nm/˚C. The hotplate
used in the synthesis procedure does not self-regulate temperature, and human error
caused fluctuations in the oil bath temperature of ±5˚C at these flow rates. Literature
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describes controlling Cd-Se nanoparticle size by changing the ratio of Cd and Se
precursors.29 Consequentially these fluctuations could also have been caused by
differences in concentrations of precursor solutions between trials, however the
differences were not noted for all flow rates. No testing was done on the accuracy of the
syringe pump at low flow rates however the lowest flow rate showed little deviation.
This leads us to believe that the larger deviations at 0.1 mL/min and 0.2 mL/min were
caused mainly by temperature fluctuations of the oil bath.

5.2.

Benefits of Flow Cell Analysis

The current method for analyzing quantum dots in the Cal Poly Nanotechnology Lab is
conducted through the use of cuvette sampling. A cuvette measurement is conducted by
shining UV light through the cuvette into a fiber optic cable. The data is then stored and
analyzed using a spectrometer in conjunction with SpectraSuite® software. Even though
cuvette analysis gives good fluorescence data with high counts, this process can often be
messy and time consuming. The utilization of a flow cell for fluid analysis allows for
real-time data capturing. By using a fluorescence flow cell in conjunction with a
microfluidic reactor, real-time data analysis allowed for the monitoring of variations
between samples. Real-time analysis also accounts for changes in variables such as the
oil temperature of the reactor. Limited sample consumption is another advantage of flow
cell analysis. When analyzing microliter-sized flows, a detailed analysis is conducted
while minimizing sample volumes and waste. Because the quantum dots flow through
the flow cell, there is no need to transport samples between synthesis and analysis. The
possibility of spills or contamination that occur during cuvette analysis is eliminated.

5.3.

Microfluidic Synthesis Method

The process can produce quantities of solution ranging from 1 mL to 50 mL per trial for
any desired flow rate. The incorporation of microfluidics allows for better control of the
parameters affecting nucleation and growth. The incorporation of this new synthesis
method and analysis technique improves the manufacturability of quantum dots produced
at Cal Poly San Luis Obispo, allowing for repeatability and greater precision.
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5.3.1. Laminar Flow
Under laminar flow conditions, the precursor solution does not mix significantly within
the capillary tubing. As a result the reagent experiences nearly constant reaction
conditions throughout the process until analysis.
5.3.2. Pressure Driven Flow and Fluid Resistance.
With continuous flow micro-reactors, the particle size distribution is further broadened by
the velocity and residence time distributions inherent to pressure-driven flow.30 As the
solution flows through the channel little mixing occurs, except through diffusion.
Quantum dots in solution near the exterior of the reactor channel experience a shear force
that causes them to move more slowly through the reactor than those on the interior. This
effect creates a “slug” where particles closer to the channel walls grow more rapidly (red)
than the innermost particles (green) (Figure 15). In turn, this causes broadening the
particle size distribution.

Figure 15: “Slug” resulting from pressure driven flow. Note the slug shape and distribution of quantum dots
within the reactor channel.

Fluid resistance occurs within our system and could describe secondary fluorescence
peaks that occurred in several trials.
5.3.3. Microfluidic Vs. Bulk Synthesis Process
A comparison of microfluidic synthesized quantum dots and conventional bulk
synthesized quantum dots was performed using the fluorescence flow cell.
The large thermal gradients in the bulk synthesis method create significantly larger
particle size distributions. Microfluidic synthesis results in narrower particle size
distributions caused by laminar and pressure driven flow characteristics. This is
evidenced by a single peak at each given flow rate for the microfluidic reactor rather than
a distribution of peaks often seen in the bulk synthesis method. Additionally, production
of quantum dots of a desired size is possible with microfluidic synthesis by eliminating
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possibilities of human error during extraction. This is evident in the color spectrum of
various samples of quantum dots produced (Figure 16).

Figure 16: Photograph of every other sample from trial three. Note the relatively uniform shifts in center
wavelength with decreasing flow rate.

Moreover, the fluorescence spectrum of the microfluidic quantum dots is slightly higher
in intensity. These factors suggest that the outlined microfluidic reactor provides an
improved alternative method for quantum dot synthesis at the Cal Poly Nanotechnology
Lab.

6.

Conclusions

The synthesis of Cd-Se quantum dots was successful through the use of a microfluidic
reactor. Cd-Se precursors were shown to be capable of mixing at low temperature (17˚C)
and treated as a single solution without the presence of nucleation and growth effects.
Quantum dots produced varied in fluorescence from 490nm-590nm while flow rates
varied from 1.6 mL/min down to .08 mL/min, respectively. Repeatability testing of
fluorescence measurements was conducted for each flow rate and corresponding central
wavelength. The average standard deviation was within 3nm for central peak
wavelengths, showing that microfluidic synthesis allows for greater control of nucleation
and growth parameters than conventional bulk synthesis. Furthermore, real-time data
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acquisition with a fluorescence flow cell allows for limited sample consumption and a
detailed analysis of samples.

6.1.

Continuing Research

In future trials involving this microfluidic synthesis method, we would like to minimize
several sources of error. We were unable to maintain a uniform temperature for the
reactors oil bath. A new hotplate that has a thermocouple temperature feedback
mechanism would minimize temperature fluctuations often experienced during synthesis.
The relative amounts of precursors have been used to control the growth of Cd-Se
quantum dots in literature.29 A more precise scale is needed to control the ratios of Cd
and Se precursors. The current scale exhibits large errors of about 5 mg when measuring
small quantities of precursor Cd and Se powders. Additionally coagulation of the
precursor solutions prior to the reaction could cause differences in the available
precursors for quantum dots in solution. A chilled ultrasonic water bath could be used
following mechanical mixing to better mix precursor solutions and minimize coagulation.
Another source of error in this experiment is that PTFE has a low thermal conductivity
compared to glass and silicon. To more efficiently control thermal transfer and residence
time we would like to experiment with glass capillary tubing of the same inner diameter.
In the future we hope to apply the methods described in this report to the subsequent ZnS
shelling process at Cal Poly. The current process is very time consuming and a parallel
microfluidic system would greatly improve production time.
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Appendices
Appendix A: Microfluidic Quantum Dot Synthesis Required Supplies
Chemicals:
65 mg Cadmium Oxide Powder
34 mg Selenium Powder
3 mL Oleic Acid (tech grade 90%)
55 mL Octadecene (tech grade 90%)
0.4 mL Trioctylphosphine (tech grade 90%)
Acetone for cleanup
Equipment:
1 – 50 mL 14/20 2-neck Round Bottom Flask
1 – Small Stir Bar (Selenium Precursor)
1 – 100 mL 14/20 3-neck Round Bottom Flask
1 – Medium Stir Bar (Cadmium Precursor)
6 – Rubber Septa
1– 1000 mL Pyrex Beaker
1 – 10cc Luer Lock Tip Glass Syringe (Octadecene)
1– 1 mL Disposable Plastic Syringe (Trioctylphosphine)
1 – 3 mL Disposable Plastic Syringe (Oleic Acid)
2 – Veterinary Tip, 18 gauge, 3” SS Needle
1 – 50cc Micro-Mate Luer Lock Tip Glass Syringe
1 – Large Stir Bar (Chilled Water Bath)
1 – Glass Thermometer
18– 2 mL Borosilicate Vials (sample collection)
Hot/Stir Plate with RTD Probe Crystallization Dish
400 mL – High Temperature Silicone Oil
1 – 100 X 500 500 Pyrex® Dish
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1– 50 mL Pyrex® Erlenmeyer Flask
1– Barnstead Thermolyne CIMAREC® Hotplate
1– EXTECH Instruments Thermocouple
8’ Zeus PTFE ID:1/32” OD: 1/16” Tubing
2’ Zeus PTFE ID:1/16” Tubing
New Era NE-300 Syringe Pump
Thor Labs® LED-UV
Ocean Optics® USB4000 Spectrometer
1– Ocean Optics Fiber Optic Cable
Ocean Optics SpectraSuite operating software
Ocean Optics SMA Flow Cell
Kimwipes
Nitrile Gloves
Safety glasses
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